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ABSTRACT
Average concentrations of particulate matter with an
aerodynamic diameter less than or equal to 2.5 �m
(PM2.5) in Steubenville, OH, have decreased by more than
10 �g/m3 since the landmark Harvard Six Cities Study1

associated the city’s elevated PM2.5 concentrations with
adverse health effects in the 1980s. Given the promulga-
tion of a new National Ambient Air Quality Standard
(NAAQS) for PM2.5 in 1997, a current assessment of PM2.5

in the Steubenville region is warranted. The Steubenville
Comprehensive Air Monitoring Program (SCAMP) was
conducted from 2000 through 2002 to provide such an
assessment. The program included both an outdoor am-
bient air monitoring component and an indoor and per-
sonal air sampling component. This paper, which is the
first in a series of four that will present results from the
outdoor portion of SCAMP, provides an overview of the
outdoor ambient air monitoring program and addresses
statistical issues, most notably autocorrelation, that have
been overlooked by many PM2.5 data analyses. The aver-
age PM2.5 concentration measured in Steubenville during
SCAMP (18.4 �g/m3) was 3.4 �g/m3 above the annual
PM2.5 NAAQS. On average, sulfate and organic material

accounted for �31% and 25%, respectively, of the total
PM2.5 mass. Local sources contributed an estimated 4.6
�g/m3 to Steubenville’s mean PM2.5 concentration. PM2.5

and each of its major ionic components were significantly
correlated in space across all pairs of monitoring sites in
the region, suggesting the influence of meteorology and
long-range transport on regional PM2.5 concentrations.
Statistically significant autocorrelation was observed
among time series of PM2.5 and component data collected
at daily and 1-in-4-day frequencies during SCAMP. Results
of spatial analyses that accounted for autocorrelation
were generally consistent with findings from previous
studies that did not consider autocorrelation; however,
these analyses also indicated that failure to account for
autocorrelation can lead to incorrect conclusions about
statistical significance.

INTRODUCTION
Concerns about airborne particulate matter (PM) with an
aerodynamic diameter less than or equal to 2.5 �m
(PM2.5) have arisen largely from the results of epidemio-
logical studies that suggest a positive association between
ambient average PM2.5 concentrations and adverse health
effects. Particulate air pollution has been linked to mor-
tality1,2 and to cardiovascular and respiratory morbidi-
ty.3-5 In response to these findings, the U.S. Environmen-
tal Protection Agency (EPA) announced a new National
Ambient Air Quality Standard (NAAQS) for PM2.5 in July
1997, which set an annual limit of 15 �g/m3 (averaged
over 3 yr) and a 24-hr limit of 65 �g/m3 (98th percentile,
averaged over 3 yr).6

Steubenville, OH, has long been a focus of particulate
air pollution studies. Located along the Ohio River �36
miles (58 km) to the west of Pittsburgh, Steubenville is
situated in a highly industrialized area that includes coke
plants, metal smelting and processing plants, and coal-
fired electric power plants. Rural areas surround the city,
and the region experiences distinct seasons characterized

IMPLICATIONS
Steubenville, OH, is a key research location for PM2.5. The
city was a focus of epidemiological studies that discovered
associations between PM and adverse health effects, lead-
ing to the promulgation of an NAAQS for PM2.5. However,
its population, industrial activity, and air pollution levels
have declined appreciably since these studies were con-
ducted. Nevertheless, Steubenville will likely not attain the
annual PM2.5 NAAQS. The Steubenville Comprehensive Air
Monitoring Program provides a much-needed current and
statistically sound assessment of PM2.5 in the Steubenville
region. Analysis of its data will aid in the development of
PM2.5 reduction strategies for Steubenville and similar ar-
eas as well as provide insights relevant to the design and
interpretation of PM2.5 health effects studies.

TECHNICAL PAPER ISSN 1047-3289 J. Air & Waste Manage. Assoc. 55:467–480

Copyright 2005 Air & Waste Management Association

Volume 55 April 2005 Journal of the Air & Waste Management Association 467



by cold winters and mild summers. Hence, the location is
ideal for examining the effects of season and urban versus
rural location on air pollutant concentrations. Histori-
cally, levels of PM2.5 at Steubenville have been higher
than the standards promulgated by the EPA in 1997.
Spengler and Thurston7 measured a mean PM2.5 concen-
tration of 36.1 �g/m3 between April 1979 and July 1981,
and Laden et al.8 reported a mean PM2.5 concentration of
30.5 �g/m3 between 1979 and 1988.

Some important epidemiological studies have fo-
cused on the Steubenville region. The landmark Harvard
Six Cities Study1 reported an association between Steub-
enville’s elevated ambient PM2.5 concentration and in-
creased mortality. Schwartz and Dockery9 reported a pos-
itive correlation between total suspended particulates and
daily mortality at Steubenville, and Schwartz et al.10

found a statistically insignificant association between
PM2.5 and daily mortality.

However, Steubenville has changed appreciably since
these studies were conducted. The Steubenville-Weirton
Metropolitan Statistical Area (MSA) lost 4,200 manufac-
turing jobs during the 1990s, largely due to the decline of
the steel industry,11 and experienced the largest percent-
age decline (7.4%) in population among MSAs in the
United States.12 Data from the early 1970s through 1990
suggest a 5% per year decline in PM2.5 concentrations in
Steubenville,13 indicating that air pollution in the city
also has changed substantially. Nevertheless, Steubenville
continues to be an industrial center. Although the Steub-
enville-Weirton MSA (population 132,000) accounts for
less than 0.05% of the total U.S. population, it accounted
for more than 1% of total U.S. emissions of CO, NOx, and
SO2 from major industrial facilities in 1999, according to
estimates from the EPA’s National Emission Inventory
Database.14 Hence, given the changes in population, in-
dustry, and air pollution levels that have occurred in
Steubenville as well as the city’s historical role as a PM2.5

research center for the industrialized eastern United
States, a reexamination of fine particle air pollution in the
Steubenville region is warranted before enforcement of
the NAAQS for PM2.5.

The Steubenville Comprehensive Air Monitoring Pro-
gram (SCAMP) was conducted from May 2000 to May
2002 to provide this examination. The study included two
interdependent components. PM2.5 and co-pollutants
were sampled in the personal breathing space and homes
of children and elderly volunteers. Additionally, PM2.5

and co-pollutants were sampled outside the subjects’
homes, at a central outdoor urban site in Steubenville,
and at outdoor satellite sites located at the four cardinal
compass points around this central site.

This paper is the first in a series of four papers that
will present results from the central Steubenville site and

the four satellite sites. Its objectives are 2-fold. First, the
paper provides an overview of the outdoor ambient air
monitoring portion of SCAMP and characterizes concen-
trations of PM2.5 and its major ionic and carbonaceous
components measured during the program. This charac-
terization of PM2.5 in the Steubenville region provides the
foundation upon which future papers in the series will
build. Second, when analyzing spatial variability and in-
terrelationships among PM2.5 and its components, this
paper explores the use of appropriate time series statistical
techniques that account for the autocorrelated nature of
PM2.5 data. Many PM2.5 statistical analyses have failed to
consider autocorrelation; the implications of this over-
sight are assessed.

METHODS
Site Locations and Sampling Program

The five sites comprising the SCAMP outdoor ambient air
monitoring network (Figure 1) were selected to investi-
gate the effects of distance, direction, and urban versus
rural location on PM2.5 concentration and composition.

The central site in Steubenville (ST) served as an out-
door air monitoring “super site” for the program. Mass
concentrations of PM2.5 and PM with an aerodynamic
diameter less than or equal to 10 �m (PM10) were mea-
sured daily from May 13, 2000, through May 14, 2002,
according to the Federal Reference Methods (FRMs) for
PM2.5 and PM10. The sampled filters were analyzed every
fourth day (beginning May 16, 2000) to determine the
mass concentrations of ionic species, including ammo-
nium (NH4

�), sulfate (SO4
2�), nitrate (NO3

�), and chlo-
ride (Cl�), as well as the water-extractable mass concen-
trations of 21 elements. A speciation sampler collected
additional PM2.5 samples every fourth day from August

Figure 1. Map of SCAMP outdoor ambient air monitoring sites.
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12, 2000, through May 14, 2002, which were analyzed to
determine mass concentrations of elemental carbon (EC)
and organic carbon (OC), as well as the acid-digestible
concentrations of 21 elements. Additionally, PM2.5, gas-
eous co-pollutants (SO2, NOx, CO, O3), and meteorologi-
cal conditions were monitored continuously during the
program, and pollen and mold spores were collected
daily. The monitoring station was situated on the campus
of Franciscan University of Steubenville atop a bluff over-
looking the Ohio River at a height of �110 m. The former
Six Cities Study monitoring site had been located on the
same campus �0.3 miles southwest of the SCAMP site at
a similar elevation. The campus is located in the northern
part of Steubenville, and it is within a few miles of several
major industrial facilities.

The four satellite sites were situated in comparatively
rural areas. Relative to Steubenville, the sites were located
12 miles to the north at Tomlinson Run State Park (N) in
New Manchester, WV; 14 miles to the west at Hopedale
(W), OH; 20 miles to the south on the campus of Wheel-
ing Jesuit University (S) in Wheeling, WV; and 67 miles to
the east on the campus of Saint Vincent College (E) in
Latrobe, PA. As illustrated in Figure 1, the Pittsburgh met-
ropolitan area separates the eastern site from the other
monitoring sites. The southern site was most similar to
Steubenville, because it was located less than 2 miles from
the center of Wheeling, a city of �30,000 people located
along the Ohio River. At each of the four satellite sites,
PM2.5 was collected daily from May 13, 2000, through
May 14, 2002, according to the FRM, and its composition
was analyzed every fourth day (beginning May 16, 2000)
to determine the mass concentrations of ionic species and
the water-extractable mass concentrations of 21 elements.

This paper focuses on the 24-hr average concentra-
tions of PM2.5, PM10, ions, and carbon measured by the
SCAMP outdoor ambient air monitoring network.
Throughout SCAMP, the 24-hr sampling period for a
given day occurred from 9:00 a.m. on that day until 9:00
a.m. on the following day to be consistent with the in-
door and personal sampling program.

Experimental Methods
PM2.5 and PM10 were collected and determined according
to the FRMs for PM2.5 and PM10, respectively. Procedures
were consistent with the guidelines outlined in the EPA
Quality Assurance Guidance Document 2.12.15

Concentrations of NH4
�, NO3

�, SO4
2�, and Cl� were

determined by ion chromatography from samples col-
lected on FRM filters. The water-soluble components of
the PM sample were extracted ultrasonically from a Teflon
filter with deionized water; anionic species and NH4

�

were determined from separate aliquots of the leachate.
Because the actual raw readings for determinations below

the detection limits of the instruments were not available,
these determinations were set equal to half of the detec-
tion limit value. Detection limit values corresponded to
ambient concentrations of �0.02 �g/m3 for Cl�, 0.06
�g/m3 for NO3

�, and 0.1 �g/m3 for NH4
� and SO4

2�.
Mass concentrations of Cl� determined from exposed
FRM filters are reported in this paper; however, because
Cl� contamination is difficult to control and Cl� ac-
counts for a very small portion of total PM2.5 mass in the
Steubenville region (many Cl� determinations were be-
low the detection limit), no trends or conclusions are
drawn from these data.

At Steubenville, carbon species were collected every
fourth day on a quartz filter with a Thermo Andersen
PM2.5 Speciation Sampler (RAAS2.5–400; Andersen In-
struments Inc., Smyrna, GA), with the carbon channel
operating at a flow rate of 7.5–8.5 L/min. No denuder was
used in series with the quartz filter. Before use, the quartz
filters were prepared by firing to 600 °C for 4 hr to remove
carbon background. Separate field blanks corresponding
to each exposed filter were used to assess the carbon
background experienced during handling and storage. To
determine the 24-hr average concentrations of EC and
OC, a square of known area was punched from the ex-
posed filter and analyzed with a Sunset Laboratory Ther-
mal Optical Transmittance (TOT) Analyzer (Sunset Labo-
ratory Inc., Tigard, OR). The procedure used a thermal
program similar to that followed by the EPA Speciation
Trends Network,16 but it was modified slightly in accor-
dance with the instrument manufacturer’s recommenda-
tions. For each exposed filter, results were adjusted to
account for background carbon by subtraction of the cor-
responding field blank. Daily average concentrations of
EC and OC were then calculated based on the masses
determined by this method and the volume of air sam-
pled. Additionally, the concentration of OC was multi-
plied by a factor of 1.4 to estimate the concentration of
organic material (OM). Turpin and Lim17 suggest a factor
of 1.4–1.8 for approximating the average molecular
weight per carbon weight for urban organic aerosols.
Lacking additional information specific to Steubenville,
we used the conventional low-end value of 1.4 for this
analysis to avoid overstating the mass contribution of
OM.

It is important to recognize that the FRMs for PM2.5

and PM10 do not employ denuders to scrub reactive gases,
back-up filters to collect revolatilized material, or blank
correction methods to adjust for exposure during han-
dling and storage. Thus, concentrations of PM and its
components measured by these methods can deviate
from the true ambient concentrations. Biases for semi-
volatile species, including NO3

�, NH4
�, and OC, have

been documented.18 As an example of bias in the FRM,
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NO3
� values determined from FRM Teflon filters at Steub-

enville were on average 0.79 �g/m3 lower than NO3
�

values determined from samples collected on nylon filters
via a collocated speciation sampler equipped with a mag-
nesium oxide denuder. This underestimation represents
39% of the overall average NO3

� mass concentration de-
termined by the latter method. Nevertheless, because
compliance with the NAAQS for PM2.5 is based upon
FRM-determined mass concentrations, the mass concen-
trations of all species other than EC and OM reported in
this paper were determined from samples collected ac-
cording to the FRM. Analytical limitations prohibit the
determination of EC and OM from FRM Teflon filters;
however, these species were collected without a denuder
to better approximate FRM sampling conditions.

Statistical Methods
A number of studies19-21 assessing the spatial variability of
PM or interrelationships among particulate components
have used Pearson correlation coefficients (r) or simple
linear regression analysis coefficients of determination
(R2; R2 � r2) to describe and compare strengths of associ-
ation between variables. Simple t tests have often been
employed to determine statistical significance. Pinto et
al.22 recently criticized studies that relied solely on the use
of Pearson correlations to assess spatial variability, argu-
ing that these correlations should be reported alongside a
statistic that measures uniformity in the magnitude of
concentrations. These studies, however, have generally
failed to address important statistical issues, most notably
autocorrelation, that are relevant to air monitoring time
series data.

Pearson correlations, simple linear regression analy-
ses, and t tests only provide meaningful results if the
assumptions upon which they are based are reasonably
satisfied. In addition to requiring a correctly specified
linear model, linear regression assumes that the error
component is normally distributed, statistically indepen-
dent (random), and homoskedastic (has a constant vari-
ance). A paired t test assumes that the differences between
the two variables under consideration are randomly sam-
pled from a normally distributed population. Raw ambi-
ent air pollutant concentration data frequently fail to
meet these assumptions.

It is most serious that the assumption of randomness
(statistical independence) is violated because of serial or
autocorrelation. For a time series of observations, the lag-k
autocorrelation coefficient is the correlation between the
observations in the series and the corresponding observa-
tions in the same series occurring k time intervals earlier.
Granger and Newbold23 discuss the possible occurrence of
spurious correlations when serial dependencies are not

appropriately handled, and Milionis and Davies24 specif-
ically emphasize the need to account for autocorrelation
when analyzing air pollution data. Time series of daily
data may exhibit autocorrelation at 1- or several-day lags,
as well as at weekly and seasonal lags. If not properly
addressed, serial correlation can lead to an incorrect con-
clusion about the existence or strength of a relationship
between two time series. As a simple example, NO3

�

concentrations in the Steubenville region exhibit a pro-
nounced seasonal pattern. If serial correlation is not con-
sidered, it is difficult to determine whether a correlation
observed between NO3

� concentrations measured at two
distinct sites is truly indicative of an association between
day-to-day fluctuations in NO3

� levels at the sites or
rather is simply induced by the predominance of the
seasonal pattern.

Thus, before performing linear regression analysis to
study PM2.5 and component data collected during
SCAMP, the time series were transformed by the natural
logarithm, square root, or fourth root, to render their
error distributions more normal. Such transformations
also often help to improve homoskedasticity. For each
transformed variable, serial dependencies were identified
in the standard way by examining the autocorrelation
function (ACF) and partial autocorrelation function
(PACF) plots. Where necessary, autocorrelation at early
lags was modeled with an autoregressive integrated mov-
ing average (ARIMA) model.25 The general form of an
ARIMA (p, d, q) model representing a time series, X, of
appropriately transformed air pollutant concentrations is

Wt � � � �1Wt � 1 � �2Wt � 2 � . . . � �pWt � p � �t

� 	1�t � 1 � 	2�t � 2 � . . . � 	q�t � q (1)

where

Wt � ƒdXt (2)

Here, ƒ is the difference operator and d is the order of
differencing such that for d � 0, Wt � Xt, and for d � 1,
Wt � Xt � Xt�1. Xt and �t are the transformed air pollutant
concentration and random error term, respectively, at
time t; �1, �2, . . . , �p are the autoregressive parameters;
	1, 	2, . . . , 	q are the moving average parameters; and � is
the intercept term.

When estimating the ARIMA model parameters,
missing values were handled via a state-space representa-
tion of the process.26 Seasonal patterns and other nonsta-
tionarities were removed by the inclusion of first-order
differencing in the ARIMA model or by subtracting out a
3-month moving average before modeling, when appro-
priate. A suitable model was selected by minimizing the
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Akaike information criterion (AIC), provided that the es-
timated parameters were reasonable and statistically sig-
nificant. In all analyses presented in this paper, statistical
significance was determined at a significance level (
) of
0.05. Residuals from the model were examined with an
ACF plot and Ljung-Box tests for randomness to verify
their statistical independence. The residuals obtained by
transforming and modeling (where necessary) a series ac-
cording to this procedure are henceforth referred to as the
“adjusted” values of that series. These adjusted values
were used in the simple linear regression analyses.

Examples of the transformation and form of the time
series model applied to PM2.5 and major component vari-
ables measured during SCAMP are shown in Table 1. The
effect of adjusting data according to the ARIMA modeling
procedure described above is demonstrated in Figure 2,
which shows ACF plots for log-transformed NO3

� data
measured at the northern satellite site before (a) and after
(b) adjustment with an ARIMA model. Figure 2a reveals
that even though NO3

� was determined on a less-than-
daily (1-in-4-day) frequency, the NO3

� time series exhib-
ited statistically significant autocorrelation at early lags.
ARIMA modeling was successful in removing this statisti-
cally significant autocorrelation, as shown in Figure 2b.
The removal of autocorrelation caused a 53% reduction in
the variance of the data, indicating that much of the
variability in the original time series could be accounted
for by serial correlation.

Figure 3 evaluates the randomness of residuals from
simple linear regression of eastern site NO3

� versus north-
ern site NO3

� with log-transformed (a and c) and adjusted
(b and d) data sets. Residuals from regression analysis with
log-transformed data that were not ARIMA-adjusted ex-
hibited small but statistically significant autocorrelations
at 4- and 8-day lags (a); Ljung-Box test results (c) con-
firmed that these residuals are not random at 
 � 0.05.
The use of ARIMA-adjusted data sets eliminated the prob-
lem of autocorrelated residuals (b) and satisfied the as-
sumption of randomness (d). When ARIMA-adjusted
rather than log-transformed data were used in the simple
linear regression analysis, R2 decreased from 0.57 to 0.30,
and the P-value testing the hypothesis that the slope of
the regression line is equal to zero increased by 4 orders of
magnitude, although it remained less than 0.0001.

Despite these efforts, the residuals of several regression
analyses with ARIMA-adjusted data still exhibited a minor
amount (on the order of r � 0.2) of statistically significant
autocorrelation at an early lag. For the purposes of this
paper, given practical limitations, no further adjustments
were made in these instances. However, to better handle
these cases, a single model with moving average parameters
fitted to the autocorrelated error structure and simultaneous
estimation of all regressive and autoregressive parameters

would be required. Such a model was applied to an example
case in which PM2.5 values measured at the northern site
were regressed against those measured at Steubenville. Use
of the more sophisticated model did not substantially alter
the results. For simple linear regression with adjusted values,
the slope was 0.69 � 0.02; the slope estimated by the more
sophisticated model was 0.68 � 0.02. For both models, the
intercept was not significantly different from zero.

When examining spatial uniformity in the magni-
tude of PM2.5 and component concentrations, paired t

Table 1. Transformation and form of time series model applied to PM2.5

and ionic component variables.

Location/Species Transformation Moving Averageb

ARIMA
Parametersa

p d q

Steubenville

PM2.5 ln(x) — 1 1 1,2

NH4
� ln(x) — — — —

NO3
- ln(x) — 0 1 1

SO4
2� ln(x) 21 — — —

Otherc ln(x) 21 — — —

North

PM2.5 ln(x) — 0 1 1–3

NH4
� ln(x) — 1 0 0

NO3
� ln(x) — 0 1 1

SO4
2� ln(x) 21 — — —

Otherc ln(x) — — — —

South

PM2.5 ln(x) — 1 1 1

NH4
� ln(x) — 0 0 1

NO3
� ln(x) — 3 1 1

SO4
2� ln(x) 21 0 0 2

Otherc ln(x) — — — —

East

PM2.5 ln(x) — 0 1 1–3

NH4
� ln(x) — 3 0 0

NO3
� ln(x) — 1 0 1

SO4
2� ln(x) 21 0 0 1

Otherc ln(x) — 0 0 1

West

PM2.5 ln(x) — 6,7,18 1 1,2

NH4
� ln(x) — — — —

NO3
� ln(x) — 0 1 1

SO4
2� ln(x) 21 — — —

Otherc ln(x) — 0 0 1

aFor an ARIMA (p, d, q) model, p and q indicate the lags (in units of 1 day for

PM2.5, 4 days for components) to which autoregressive and moving average

parameters were fit, and d indicates the order of differencing used in the

ARIMA model; bIndicates that a moving average of the specified number of

measurements was subtracted from the transformed data to stationarize the

series; cConcentrations of �other� components are by difference and include

concentrations of EC and OM.
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tests were required to test whether concentrations mea-
sured at Steubenville were significantly greater than those
measured at satellite sites. Differences between Steuben-
ville and satellite site concentration pairs were not
normally distributed; hence, differences between log-
transformed concentrations were used. The tests, then,
ultimately examined whether the mean ratios of the
Steubenville concentrations to the satellite site concentra-
tions differed significantly from one. ARIMA models were
fit to those series of differences that exhibited serial cor-
relation. The intercept term of the ARIMA model is a
function of the mean difference � such that � � �/(1 �

�1 � �2 � . . . � �p). Values of � and its standard error (SE)
were estimated as part of the ARIMA modeling process; SE

computed in this way provides an estimate of the uncer-
tainty that accounts for the presence of autocorrelation.
Thus, the t tests were performed with these ARIMA-
estimated values. p-Values resulting from tests performed
with this time series procedure were often substantially
greater than p-values resulting from simple paired t tests
applied to raw data, indicating that the use of these sim-
ple t tests yields misleading conclusions about statistical
significance for autocorrelated observations. For example,
a simple paired t test performed on the differences be-
tween SO4

2� concentrations measured at the Steubenville
and western sites yielded a p-value of 3.1 
 10�7; when
the modified procedure was used, the p-value increased to
2 
 10�3.

RESULTS AND DISCUSSION
Overall PM and Component Concentrations

Descriptive statistics for all valid 24-hr average concentra-
tions of PM2.5 and its ionic and carbonaceous compo-
nents measured at the five monitoring sites between May
13, 2000, and May 14, 2002, are presented in Table 2.
PM2.5 concentrations ranged from less than 3 to greater
than 50 �g/m3 at each of the five sites, with coefficients of
variation ranging from 54.9% to 61.1%.

The mean 24-hr average PM2.5 concentration mea-
sured at the Steubenville SCAMP site during the year 2001
(18.1 �g/m3) differed by only 0.1 �g/m3 from the 2001
mean concentration (18.2 �g/m3) reported by the Ohio
EPA27 for a monitor located in central Steubenville �1
mile south of the SCAMP site, and by 0.8 �g/m3 from the
2001 mean concentration (18.9 �g/m3) reported for a
monitor located in Mingo Junction �4 miles south of the
SCAMP site. This suggests that PM2.5 concentrations mea-
sured atop the bluff at the SCAMP site are, on average,
representative of the magnitude of concentrations expe-
rienced throughout the Steubenville urban area. The over-
all mean PM2.5 concentration measured at Steubenville
during SCAMP was 18.4 �g/m3. This result indicates that
average ambient PM2.5 concentrations in Steubenville
have decreased by 11.2 �g/m3, or by 37.8%, since Six
Cities Study investigators associated Steubenville’s PM2.5

concentrations with mortality by using PM2.5 data col-
lected between 1979 and 1985.1 The substantial long-
term decrease in PM2.5 concentrations is likely attribut-
able to advances in the application of air pollution
control technology and to the decline of steel and other
manufacturing industries in Steubenville. Nevertheless,
the mean PM2.5 concentration measured at Steubenville
during SCAMP exceeded the annual NAAQS for PM2.5 by
3.4 �g/m3. In fact, more than half of all valid PM2.5

concentrations measured at Steubenville were greater
than 15 �g/m3. Although based on only 2 yr rather than
the required 3 yr of data, these findings suggest that a

Figure 2. Autocorrelation function plots for log-transformed NO3
�

concentration data measured at the northern (N) satellite site (a)
before and (b) after adjustment with an ARIMA (0, 1, 1) model. Lags
are in units of 4 days. Lines extending beyond the dashed interval
indicate statistically significant correlations.

Figure 3. Analysis of residuals from simple linear regression of
eastern (E) site NO3

� concentrations as a function of northern (N)
site NO3

� concentrations with (a) and (c) log-transformed data and
(b) and (d) adjusted data. Lags are in units of 4 days. Plots (a) and
(b) are autocorrelation function plots of the residuals; lines extending
beyond the dashed intervals indicate statistically significant autocor-
relations. Plots (c) and (d) are p-values for the Ljung-Box statistic for
various lags of the residuals; the dotted lines in these plots denote
p � 0.05.
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PM2.5 reduction strategy will likely be required for Steub-
enville. Mean and median concentrations of PM2.5 mea-
sured at each of the four satellite sites were lower than
those measured at Steubenville; however, the southern and
eastern sites still exceeded the annual PM2.5 standard, with
mean concentrations of 16 and 15.2 �g/m3, respectively.
The northern and western sites each had a mean concen-
tration of 13.9 �g/m3.

No PM2.5 concentration measured at any of the five
monitoring sites during SCAMP exceeded the 24-hr stan-
dard of 65 �g/m3, although the Steubenville and western
sites each registered a maximum 24-hr average concentra-
tion of 64.8 �g/m3. Ninety-eighth percentile concentra-
tions at the five sites were well in compliance, ranging
from 15.9 to 30.6 �g/m3 below the 24-hr standard.

Sulfate, nitrate, and ammonium all contribute sub-
stantially to the mass of PM2.5 in the Steubenville region.
Sulfate is the most prevalent of these ionic components,
with mean 24-hr concentrations of 4.5–5.9 �g/m3 and
maximum concentrations of 21.8–33.2 �g/m3 measured
at the five SCAMP monitoring sites. Table 3 summarizes
the ionic composition of PM2.5 measured at each of the
sites. On average, the PM2.5 composition was fairly ho-
mogeneous regionally, with the four ionic species ac-
counting for more than half the total mass. However, the
composition experienced on a particular day could devi-
ate appreciably from this average, as evidenced by the
ranges listed in the table. The almost 50% of PM2.5 mass
not accounted for by the four ions is likely composed of
carbon species, crustal material, trace elements, and some

Table 2. Summary statistics for PM and component mass concentrations (in �g/m3) measured at SCAMP sites, 2000 –2002.

Site PM Size Fraction N

FRM Mass Concentration

SO4
2� NO3

� NH4
� Cl�Mean CV (%)a Median Range P98b Otherc EC OM

ST 2.5 640 18.4 61.1 15.3 2.7–64.8 49.1 5.8 1.16 2.3 0.21 9.0 0.84d 4.5d

151 (23.4) (5.34) (7.2) (3.76) (26.2) (4.62) (15.3)

N 2.5 663 13.9 55.1 12.1 2.5–54.5 34.4 4.5 0.71 1.7 0.06 6.3 NA NA

161 (33.2) (4.80) (7.6) (0.79) (20.4)

S 2.5 416 16.0 54.9 13.6 2.8–51.1 39.9 5.9 0.73 2.2 0.07 7.4 NA NA

96 (21.8) (4.59) (7.3) (0.36) (28.4)

E 2.5 672 15.2 57.2 13.0 2.8–55.1 40.6 5.1 0.74 1.9e 0.07 7.1 NA NA

155 (28.4) (4.42) (6.9) (2.04) (28.8)

W 2.5 587 13.9 59.7 11.9 2.3–64.8 36.5 4.9 0.88 1.8 0.05 6.1 NA NA

129 (31.6) (4.93) (6.1) (0.27) (23.3)

ST 10 676 27.4 58.0 23.1 4.9–102.2 67.5 6.2 1.76 2.2 0.38 17.1 NA NA

161 (31.8) (6.55) (8.5) (4.67) (53.8)

ST 10–2.5f 610 9.0 82.6 7.5 �19.6–47.9 32.8 0.3 0.61 �0.1 0.20 8.9g NA NA

141 (5.3) (2.10) (1.3) (3.11) (30.1)

Note: For N, the top value is the number of valid FRM mass concentration data; the bottom value is the number of valid PM component data (except where noted

otherwise); for PM components, the top value is the mean concentration; the bottom value (in parentheses) is the maximum concentration. aCV � coefficient of

variation � 100 
 mean/standard deviation; bP98 � 98th percentile; cConcentrations of �other� were computed by difference and include the concentrations of

elemental carbon and organic material; dN � 142; eN � 158; fConcentrations of PM10 –2.5 and its ionic components were computed by differencing PM10 and

PM2.5 data; gN � 134.

Table 3. Ionic composition of PM2.5 measured at the SCAMP monitoring sites.

Location wt% Ammonium wt% Nitrate wt% Sulfate wt% Chloride wt% Othera

Steubenville 12.5 (8.3, 16.4) 6.3 (1.3, 18.0) 31.3 (19.7, 41.0) 1.1 (0.06, 2.2) 48.8 (34.6, 62.4)

Northern site 13.0 (8.7, 15.9) 5.4 (0.5, 15.5) 34.1 (19.7, 42.9) 0.4 (0.06, 1.3) 47.1 (34.3, 63.7)

Southern site 13.4 (8.8, 16.3) 4.5 (0.4, 16.6) 36.2 (19.0, 46.8) 0.4 (0.05, 1.3) 45.5 (34.4, 63.5)

Eastern site 12.9 (7.8, 16.5) 4.9 (0.6, 14.9) 34.2 (18.3, 44.3) 0.4 (0.05, 1.3) 47.6 (35.7, 66.8)

Western site 13.0 (8.6, 16.3) 6.4 (0.4, 18.6) 35.7 (20.9, 47.3) 0.3 (0.06, 1.1) 44.6 (31.6, 64.6)

Note: For each component/location pair, the first number is the overall average weight percent of the component at that location. The numbers in parentheses

are the 10th and 90th percentile daily weight percents. Where concentrations were below detection limit values, weight percentages were calculated assuming

half of the detection limit concentration. aComputed by difference; includes EC and OM.
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water. Measurements of EC and OC at Steubenville con-
firmed their significance as components of PM2.5. On
average, EC accounted for 4.7% and OM accounted for
25% of the total PM2.5 mass, leaving �19% unaccounted
for. Again, the weight percentages of these carbonaceous
components were variable from day to day, ranging from
a 10th percentile of 1.9% to a 90th percentile of 8.3% for
EC, and from a 10th percentile of 13.5% to a 90th per-
centile of 40.1% for OM. The high average relative abun-
dance of fine OM, which consists of hundreds to thou-
sands of different components that have not been well
characterized,28 emphasizes the need for additional re-
search on the health effects of the components of PM2.5.

Table 2 also summarizes the concentrations of PM10

and its components measured at Steubenville, as well as
the contribution of coarse PM (PM10–2.5) and its compo-
nents to these concentrations. Concentrations of PM10–2.5

and its components were computed by difference. Nega-
tive values reported for the coarse fraction indicate the
presence of measurement errors in the FRMs. On average
(geometric mean), PM2.5 accounted for �66% of the mass
of PM10 at Steubenville. Nitrate and especially sulfate and
ammonium tended to be more prevalent in the fine frac-
tion than in the coarse fraction. The relatively large un-
explained portion of the coarse fraction likely includes an
abundance of dust and crustal materials emitted by pri-
mary sources, as well as some carbonaceous species and
trace elements.

Temporal Variability
Temporal patterns among PM2.5 and its components are
now studied to gain further insight into the nature of
PM2.5 in the Steubenville region. Despite exhibiting sta-
tistically significant autocorrelation at 1- and several-day
lags, PM2.5 concentrations in the Steubenville region ex-
hibited appreciable day-to-day variability. The average
magnitude of the day-to-day change in PM2.5 concentra-
tion ranged from 5.3 to 7.6 �g/m3 at the five monitoring
sites, with daily positive and negative changes of 40
�g/m3 or more observed in several instances.

Seasonal patterns in PM2.5 concentrations are exam-
ined in Figure 4. The box plots in Figure 4a show that
PM2.5 concentrations of 40 �g/m3 or more could occur at
Steubenville during any season of the year. Based on the
monthly averages plotted in Figure 4b, PM2.5 at all five
sites exhibited a pronounced seasonal trend of higher
summertime and lower wintertime concentrations. Mean
August concentrations at the five sites ranged from 19.2 to
27 �g/m3, whereas mean December concentrations
ranged from 9.3 �g/m3 to 13.1 �g/m3.

To better understand the nature of the observed sea-
sonal variations in PM2.5, seasonal patterns in the concen-
trations of its major components were studied. Figure 5

shows mean monthly concentrations of major ionic and
carbonaceous components measured at Steubenville. Al-
though not shown, seasonal patterns in the concentra-
tions of SO4

2�, NO3
�, and NH4

� measured at the four

Figure 4. Seasonal patterns among PM2.5 concentrations mea-
sured between May 13, 2000, and May 14, 2002. Plot (a) shows the
distribution of PM2.5 concentrations by month at Steubenville. The
horizontal lines denote median concentrations; the boxes extend to
the 25th and 75th quartiles; the whiskers extend to the most extreme
data points within 1.5 times this interquartile range. Circular points
represent outliers, solid squares denote 98th percentile concentra-
tions, and connected diamonds represent mean concentrations. Plot
(b) shows mean PM2.5 concentrations at all five monitoring sites.

Figure 5. Mean monthly concentrations of major ionic and carbo-
naceous components of PM2.5 measured at Steubenville during
SCAMP.
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satellite sites were generally similar to those observed at
Steubenville. Noteworthy seasonal trends are evident
among the SO4

2� and NO3
� concentrations, with the

highest SO4
2� concentrations occurring during the sum-

mer and into the fall, and the highest NO3
� concentra-

tions occurring during the winter. Ammonium, which is
generally assumed to be present as (NH4)2SO4, NH4HSO4,
or NH4NO3, exhibits a seasonal pattern somewhat similar
to that of SO4

2�. These seasonal patterns are typical of the
northeastern United States29 and are generally explain-
able by seasonal variations in meteorological condi-
tions. Increased summertime photochemical activity
likely accounts at least in part for the observed elevated
summertime SO4

2� concentrations.30 The formation of
particulate nitrate is thermodynamically favored by low
temperatures and high relative humidity and depends on
the availability of ammonia (NH3),31 explaining why
NO3

� concentrations are elevated during the winter
when less NH3 has been scavenged to form ammonium
sulfate. Whereas the observed correspondence between
elevated PM2.5 concentrations and elevated SO4

2� con-
centrations during the summer months may seem to sug-
gest that reductions in sulfate will achieve corresponding
reductions in PM2.5, research in the southeastern United
States32 has suggested that resulting available NH3 will
instead react to form particulate nitrate, thereby lessening
the effectiveness of this strategy. Although their average
concentrations varied from month to month, EC and OM
did not exhibit discernible seasonal cycles.

Concentrations of PM2.5 and of its ionic components
did not display substantial day-of-the-week trends. Trends
in EC and OM at Steubenville were more pronounced, as
illustrated in Figure 6. Concentrations generally built
through the workweek from Sunday through Thursday
and then declined to near-initial levels on Friday and
Saturday. This suggests the influence of some currently
unknown anthropogenic emission source that follows a
similar weekly pattern.

Spatial Variability
Linear regression analysis was used to study whether daily
PM2.5 concentrations measured at the five SCAMP moni-
toring sites were correlated. As described previously, the
analyses were performed with adjusted data sets, so that
the reported relationships are not influenced by the ef-
fects of serial correlation present in each raw data set. In
all cases, the removal of autocorrelation via ARIMA mod-
eling caused a reduction in the apparent strength of the
relationship between PM2.5 concentrations at any two
sites being compared. However, even after accounting for
early-lag autocorrelation and seasonal trends, daily ad-
justed PM2.5 values for all possible site pairings exhibited

positive, statistically significant (p � 0.001) linear rela-
tionships. Figure 7 plots R2 values describing these site-
to-site relationships among adjusted PM2.5 data as a func-
tion of distance between the sites. These results indicate

Figure 6. Distribution of (a) EC and (b) OM concentrations at
Steubenville by day of the week, based on measurements taken
every fourth day between August 12, 2000, and May 14, 2002. Box
plots are constructed as in Figure 4a. Sunday is day 1.

Figure 7. R2 values from simple linear regression analyses per-
formed on PM2.5 data for all possible SCAMP site pairs. R2 values
are plotted against intersite distances. Data were adjusted before
regressing to normalize them and remove serial correlation.
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that between 43% and 63% of the variance in the adjusted

PM2.5 values at one site can be accounted for by the

adjusted PM2.5 values at any of the other four monitoring

sites. The plot also reveals a general decrease in the

strength of the relationship between sites as the distance

separating them increases, although this trend is only

manifest when the full domain of distances is considered.

It is possible that the trend is due to the influence of

emissions from the Pittsburgh metropolitan area on the

most remote eastern site rather than to distance itself,

because it is only observed when relationships between

the eastern site and the sites west of Pittsburgh are con-

sidered. Finally, at comparable distances of separation, it

appears that satellite sites tend to be better correlated with

each other than with Steubenville.

Similar regression analyses were performed for all site

pairs with adjusted sulfate, nitrate, ammonium, and

“other” (by difference) data. Again, even after removing

serial correlation from each data set, adjusted values for

each of these components exhibited positive, statistically

significant (p � 0.01) linear relationships for all possible

site pairings. Figure 8 shows R2 values obtained from the

regression analyses for each component plotted as a func-

tion of the distance separating the sites being compared.

Sulfate, ammonium, and the “other” component dis-

played rather strong spatial relationships, with the regres-

sion models accounting for 33% to 88% of the observed

variance. Site-to-site NO3
� relationships were not as pro-

nounced, with R2 values ranging from 0.11 to 0.54. For all
of the components, a decrease in the strength of the
intersite relationship was observed with increasing dis-
tance. Again, the influence of the Pittsburgh metropolitan
area may account at least in part for the observed trend.

These results indicate that PM2.5 and several of its
major components display an appreciable amount of re-
gional homogeneity. Concentrations at distinct locations
tend to vary together to some extent over and above
variations that are induced by serial correlation. In gen-
eral, for sites separated by up to 30 miles, distance has no
obvious effect on the strength of the relationship between
the two sites. As the separation distance is increased to
60–80 miles, a downward trend in strength is observed.
However, it is important to note that the eastern site,
despite being separated from the other four sites by over
60 miles and by the Pittsburgh metropolitan area, none-
theless exhibits statistically significant positive correla-
tions with each of these sites for PM2.5 and for the four
components that were studied. These results are consis-
tent with previous studies33,34 that provided evidence of
the influence of long-range transport and regional mete-
orology on variations in PM2.5 concentrations in the east-
ern United States. The effect of meteorology on PM2.5

concentrations measured during SCAMP is examined in
the second and third papers in this series.

The results obtained here according to statistical pro-
cedures that account for the autocorrelated nature of
PM2.5 data are also generally consistent with the findings
of previous studies that did not account for autocorrela-
tion. On the basis of simple graphical comparisons, Rob-
inson et al.35 reported that in the Pittsburgh area, PM2.5

concentrations measured at five distinct monitoring sites
were well correlated. Sulfate concentrations were more
strongly associated across the sites than total PM2.5 mass
concentrations, whereas variations in nitrate concentra-
tions were less regionally homogeneous. Hansen et al.21

reported similar findings for the southeastern United
States on the basis of simple Pearson correlations. Pinto et
al.22 reported that PM2.5 mass concentrations at four
monitoring sites in the Steubenville-Weirton MSA were
well correlated for all site pairs (r � 0.8–0.88), whereas
correlations among site pairs in the Pittsburgh MSA, al-
though appreciable, spanned a wider range (r � 0.58–
0.94). The agreement between these previous findings
and the findings presented in this paper suggest that
simple descriptive statistics and correlation analyses ap-
plied to raw PM2.5 data may be sufficient for drawing
general conclusions about trends in the spatial variability
of PM2.5 and its major components. However, adjustment
for autocorrelation was not a futile undertaking because it
allowed autocorrelation to be ruled out as a potential

Figure 8. R2 values from simple linear regression analyses per-
formed on fine fraction (a) sulfate, (b) nitrate, (c) ammonium, and (d)
“other” (by difference, includes EC and OM) data for all possible
SCAMP site pairs. R2 values are plotted against intersite distances.
Data were adjusted before regressing to normalize them and remove
serial correlation.
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cause for the observed associations. Any study that has
not considered autocorrelation risks the possibility that
once autocorrelation is accounted for, the significance of
the result will change drastically. Examples provided in
the Statistical Methods section highlighted this possibil-
ity. Analyses attempting to assess statistical significance or
to precisely quantify relationships among sites for com-
parative or predictive purposes must account for autocor-
relation to obtain meaningful results.

The effect of urban versus rural location on PM2.5 and
component concentrations was studied via the modified
paired t test procedure that has already been described.
Table 4 presents the p-values obtained from these analy-
ses. The mean raw differences between the Steubenville
and satellite site concentrations and the percentage of
days for which the Steubenville concentrations were
greater than the satellite site concentrations are also pro-
vided. In all cases but one, PM2.5 and component concen-
trations at Steubenville were significantly higher than
concentrations at all four satellite sites, indicating the
influence of local sources at Steubenville. The SO4

2� con-
centration at the southern site, whose setting was most
similar to Steubenville, did not differ significantly from
that at Steubenville.

PM2.5 and component concentrations measured at
the northern and western sites are most representative of
regional “background” concentrations in the Steubenville
area. These sites were situated in relatively rural areas that
are not generally directly downwind of emissions from
Steubenville or Pittsburgh. The sites were located closer to
Steubenville than the southern and eastern sites, but they
were the only two SCAMP sites whose overall mean PM2.5

concentrations did not exceed the annual NAAQS. Ad-
justed sulfate values for the northern and western sites
were more highly correlated (R2 � 0.88) than for any
other site pair, suggesting that these sites are representa-
tive of regional background concentrations of secondary
PM2.5.

Assuming that the northern and western sites are
regional background sites, the data in Table 4 suggest that
local sources in Steubenville on average contribute �4.6
�g/m3 to the city’s PM2.5 concentration. Application of
the same assumption to estimate the average local source
contribution to PM2.5 concentrations at the southern site
yields an estimated contribution of 1.2 �g/m3, suggesting
that local sources more heavily impacted Steubenville
than the Wheeling site during SCAMP. The “other” com-
ponent, whose major constituent (�60% w/w) in Steub-
enville is carbonaceous material, accounts for more than
half (�2.5 �g/m3) of the local contribution in Steuben-
ville. This result is not surprising, as EC36 and primary OM
are expected to exhibit strong spatial concentration gra-
dients, with higher concentrations observed near emis-
sion sources. Although SO4

2� is predominantly a regional
pollutant with average background concentrations of
�4.5–5 �g/m3 in the Steubenville region, SO4

2� concen-
trations measured at Steubenville were on average �1
�g/m3 higher than those measured at the background
sites. However, the results collectively suggest that the
reduction of 3.4 �g/m3 in average PM2.5 concentration
required for Steubenville to achieve compliance with the
annual NAAQS cannot be achieved by reducing local
emissions of any single PM2.5 component in Steubenville;
rather, a regional or multi-component strategy will likely
be required.

Relationships among Components
To study interrelationships among components of PM2.5,
linear regression analyses were performed with adjusted
data for pairs of components measured at Steubenville.
Table 5 presents the results of these analyses. All of the
intercomponent relationships are positive and statisti-
cally significant; however, those involving NO3

� appear
to be the weakest, even after accounting for the strong
seasonal patterns that affect this variable. Statistically sig-
nificant relationships among the sulfate, carbon, and
“other” components, which have R2 values between 0.2

Table 4. Comparison of PM2.5 and component concentrations at Steubenville with those at the satellite sites.

North South East West

PM2.5 �0.0001 (4.7, 83%) �0.0001 (3.2, 70%) �0.0001 (3.1, 64%) �0.0001 (4.6, 83%)

SO4
2� �0.0001 (1.2, 72%) 0.27 (0.3, 59%) 0.015 (0.7, 56%) 0.0020 (1.1, 71%)

NH4
� 0.0091 (0.5, 73%) 0.0031 (0.3, 65%) 0.0031 (0.4, 66%) 0.010 (0.6, 69%)

NO3
� �0.0001 (0.46, 87%) �0.0001 (0.50, 78%) �0.0001 (0.40, 73%) �0.0001 (0.31, 76%)

Other (by difference)a �0.0001 (2.5, 77%) 0.0028 (1.9, 77%) �0.0001 (1.8, 67%) �0.0001 (2.4, 77%)

Note: The first number reported is the p-value resulting from a test of the hypothesis that the mean difference between the log-transformed concentrations

measured at Steubenville and at the satellite site under consideration is equal to zero. The mean raw difference between the Steubenville and satellite site

concentrations (in �g/m3) and the percentage of days for which the concentration at Steubenville was greater than that at the satellite site are provided in

parentheses. aIncludes concentrations of EC and OM.
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and 0.4, are likely indicative of the effects of regional
transport and meteorology on the ambient concentra-
tions of these variables, because it is unlikely that they
originate from identical sources. The strong relationship
between SO4

2� and NH4
� is expected because particulate

SO4
2� is generally collected as NH4HSO4 or as (NH4)2SO4.

In fact, the summertime molar ratio of NH4
� to SO4

2�

ranged from a 25th percentile of 1.8 to a 75th percentile
of 2, suggesting that the majority of fine particulate sul-
fate collected on the filter was fully neutralized. However,
this result is potentially due to an artifact by which acidic
sulfate collected on the Teflon filter could react with air-
borne NH3 during sampling and handling, causing a mis-
representation of the extent to which the actual sampled
sulfate was neutralized. Sampling techniques designed for
the determination of aerosol acidity have attempted to
prevent this potential artifact by employing a denuder to
remove NH3 from the sampled airstream;37 however, the
FRM does not use such a denuder. The appreciable corre-
lation observed between EC and OM is possibly attribut-
able to the presence of substantial primary emissions of
OM, which likely originates from some of the same
sources that emit EC.

Further linear regression analyses were performed to
determine whether any component of the PM2.5 at Steub-
enville might be responsible for driving elevated fine par-
ticulate concentrations and whether PM2.5 or any of its
components were related to PM10–2.5. Adjusted values
were again used in the analyses. The results are presented
in Table 6. Adjusted values of each fine fraction compo-
nent (x) were regressed against adjusted values of the

difference between PM2.5 and that fine fraction compo-

nent (PM2.5 � x), because inclusion of the component in

the PM2.5 mass would inevitably induce a correlation.

Additionally, SO4
2� was regressed against PM2.5 � SO4

2�

� NH4
� (i.e., all mass not attributed to SO4

2� and NH4
�)

because of the strong relationship between SO4
2� and

NH4
�. The positive, statistically significant associations

observed for SO4
2�, EC, and especially OM indicate that

elevated concentrations of each of these components

tend to be accompanied by elevated concentrations of the

combined remaining constituents of PM2.5. Because the

associations are observed for all three of these compo-

nents, it does not appear that any one of them alone is

responsible for driving high PM2.5 days in Steubenville.

The association for NO3
� was not nearly as strong.

The results in Table 6 also reveal that PM10–2.5 con-

centrations are positively and significantly associated

with PM2.5 concentrations, although PM2.5 accounts for

only 22% of the variance in PM10–2.5 after serial correlations

have been removed. Associations between adjusted fine frac-

tion nitrate and sulfate values and adjusted PM10–2.5 values

are statistically insignificant or relatively weak. However,

fine fraction EC and OM are more strongly and signifi-

cantly correlated with PM10–2.5. This is perhaps attribut-

able to primary source emissions of these carbonaceous

species, because coarse PM is predominantly a primary

pollutant. Alternatively, it may indicate that carbona-

ceous particles are distributed over a wide size range in

Steubenville.

CONCLUSIONS
Population, industry, and air pollution levels in Steuben-

ville have changed substantially since the landmark Six

Table 6. Regression results for PM2.5 components, x, at Steubenville

versus PM2.5 � x (defined in text) and PM10 –2.5.

x PM2.5 � x PM10–2.5

SO4
2� �0.53a �0.10

�0.0001 0.0002

NO3
� �0.08 �0.02

0.0006 0.098

EC �0.41 �0.36

�0.0001 �0.0001

OM �0.61 �0.36

�0.0001 �0.0001

PM2.5 — �0.22

— �0.0001

Note: Adjusted values were used. The top number is the R2; the bottom is the

p-value resulting from a test of the hypothesis that the slope of the regression

line is equal to zero. aResults are presented for PM2.5-SO4
2�-NH4

�.

Table 5. Matrix showing the relationships among components of PM2.5 at

Steubenville.

SO4
2� NO3

� NH4
� EC OM Other

SO4
2� — �0.05 �0.71 �0.26 �0.36 �0.34

— 0.0083 �0.0001 �0.0001 �0.0001 �0.0001

NO3
� �0.05 — �0.16 �0.03 �0.06 �0.07

0.0083 — �0.0001 0.047 0.0061 0.0029

NH4
� �0.71 �0.16 — �0.17 �0.21 �0.27

�0.0001 �0.0001 — �0.0001 �0.0001 �0.0001

EC �0.26 �0.03 �0.17 — �0.50 �0.23

�0.0001 0.047 �0.0001 — �0.0001 �0.0001

OM �0.36 �0.06 �0.21 �0.50 — �0.28

�0.0001 0.0061 �0.0001 �0.0001 — �0.0001

Othera �0.34 �0.07 �0.27 �0.23 �0.28 —

�0.0001 0.0029 �0.0001 �0.0001 �0.0001 —

Note: For each cell, the top number is the R2 obtained by performing linear

regression analysis on adjusted values of the two components, and the sign

refers to the slope of the regression line. The bottom number is the p-value

resulting from a test of the hypothesis that the slope of the regression line is

equal to zero. aComputed by difference; does not include EC and OM.
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Cities Study discovered an association in the 1980s be-
tween the city’s elevated PM2.5 concentrations and ad-
verse health effects. Given the promulgation of a new
NAAQS for PM2.5 in 1997, data collected from 2000
through 2002 as part of SCAMP provide a much-needed
current assessment of PM2.5 in the Steubenville region.
The characterization of PM2.5 and its major ionic and
carbonaceous components provided in this paper lays the
groundwork for three additional papers in a series that
thoroughly analyzes speciated PM2.5, gaseous pollutant,
and meteorological data collected during SCAMP to en-
hance our understanding of factors that influence PM2.5

in the Steubenville region and to provide insights regard-
ing the design and interpretation of health effects studies.

Data presented here show that although average
PM2.5 concentrations in Steubenville have decreased by
more than 10 �g/m3 since the Six Cities Study, the aver-
age PM2.5 concentration measured at Steubenville during
SCAMP (18.4 �g/m3) was still 3.4 �g/m3 above the annual
PM2.5 NAAQS. Hence, a PM2.5 reduction strategy will
likely be required for the city. Sulfate and organic material
are the major constituents of PM2.5 in Steubenville, ac-
counting for �31% and 25% of the total mass, respec-
tively. On a seasonal basis, SO4

2� concentrations track
total PM2.5 mass concentrations more closely than do OM
concentrations; however, regression analyses revealed
that both of these components exhibit appreciable posi-
tive associations with the remaining constituents of
PM2.5, suggesting that neither is singly responsible for
driving elevated PM2.5 concentrations in Steubenville.
Spatial analyses indicated statistically significant positive
associations for PM2.5, SO4

2�, NH4
�, NO3

�, and the col-
lective other components of PM2.5 across all pairs of
SCAMP monitoring sites (intersite distances ranged from
12 to 80 miles), suggesting the influence of regional me-
teorology and long-range transport. Local sources in
Steubenville on average contributed an estimated 4.6
�g/m3 to the city’s ambient PM2.5 concentration. Carbo-
naceous material, crustal material, and trace elements
likely account for more than half this local contribution;
sulfate accounts for �1 �g/m3.

Statistical issues such as autocorrelation that have
been overlooked by many PM2.5 studies were also consid-
ered. Analyses presented here show that statistically sig-
nificant autocorrelation should be considered when ex-
amining time series of PM2.5 or PM2.5 component data
collected at frequencies of 1-in-1 to 1-in-4 days, because it
can account for a substantial portion of the variability in
these time series and lead to incorrect conclusions about
statistical significance. ARIMA models generally proved
effective in accounting for this autocorrelation, and they
were applied in this paper when necessary. Results of

spatial analyses presented here that accounted for auto-
correlation were generally consistent with the conclu-
sions of previous descriptive studies. However, the ARIMA
examples that were presented, which showed that p-
values can change by several orders of magnitude upon
properly adjusting for autocorrelation, suggest that anal-
yses attempting to assess statistical significance or pre-
cisely quantify relationships among time series of PM2.5

data for comparative or predictive purposes must account
for autocorrelation to obtain meaningful results.
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